Abstract: This paper presents statistical models developed to study the influence of key mix design parameters on the properties of lightweight self-consolidating concrete (LWSCC) with expanded shale (ESH) aggregates. Twenty LWSCC mixtures are designed and tested, where responses (properties) are evaluated to analyze influence of mix design parameters and develop the models. Such responses included slump flow diameter, V-funnel flow time, J-ring flow diameter, J-ring height difference, L-box ratio, filling capacity, sieve segregation, unit weight and compressive strength. The developed models are valid for mixes with 0.30-0.40 water-to-binder ratio, high range water reducing admixture of 0.3-1.2 % (by total content of binder) and total binder content of 410-550 kg/m 3 . The models are able to identify the influential mix design parameters and their interactions which can be useful to reduce the test protocol needed for proportioning of LWSCCs. Three industrial class ESH-LWSCC mixtures are developed using statistical models and their performance is validated through test results with good agreement. The developed ESH-LWSCC mixtures are able to satisfy the European EFNARC criteria for self-consolidating concrete.
Introduction
Lightweight self-consolidating concrete (LWSCC) is expected to provide high workability without segregation and high durability with reduced weight. The success to production of high quality LWSCC lies in the use of aggregates. Expanded shale (ESH) is a ceramic material produced by expanding and vitrifying select shale's, in a rotary kiln. The process produces a high quality ceramic aggregate that is non-toxic, absorptive, dimensionally stable, structurally strong, durable, environmentally inert and light in weight. The use of expanded shale aggregate with other quality supplementary cementing materials (such as fly ash and silica fume) can provide highly workable and durable LWSCCs. ESH and other lightweight aggregates such as: clayey diatomite, pumice, slate, perlite, bottom ash etc. have been successfully used in the production of lightweight concretes (LWCs) over the decades (Stamatakis et al. 2011; Wu et al. 2009; Hwang and Hung 2005; Hossain 2004; Fragoulis et al. 2003 Fragoulis et al. , 2004 . Use of these aggregates has contributed to the sustainable development by conserving energy, maximizing structural efficiency and increasing the service life of structural lightweight concrete (LWC). These benefits add to those of LWSCC to further support sustainable development and contribute to projects becoming Leadership in Energy and Environmental Design (LEED) certified (ESCSI 2004) .
LWSCC is capable of filling up the formwork and encapsulate reinforcement by its self-weight without the need for additional compaction or external vibration. It has excellent segregation resistance, high flowability and passing ability at fresh state as well as better mechanical and durability properties in the hardened state. LWSCC has more continuous aggregate-paste contact zone and more moisture in the pores of aggregates for continued internal curingthese improvements lead to reduced concrete cracking and improved hardened properties (Holm 1994) .
Although numerous investigations have been made on SCC and LWC, to the authors' best knowledge little research has been conducted on the design procedures and statistical modeling of LWSCC (Hwang et al. 2012; Bogas et al. 2012; Topçu and Uygunoglu 2010; Andiç-Ç akır and Hızal 2012) . Wu et al. (2009) investigated workability of LWSCC and its mix design using expanded shale as both fine and coarse aggregates. The study demonstrated that fixed aggregate contents can be used effectively in volumetric method to design LWSCC mixtures. An increase in the paste content of the mix increased the flow velocity but reduced resistance to segregation. Lachemi et al. (2009) developed three different classes of LWSCC mixtures using combination of blast furnace slag and expanded shale aggregates. Hwang and Hung (2005) evaluated the performance of LWSCC mixtures containing bottom ash, for varying water to cement ratio (w/c) and cement paste content. Kim et al. (2010) studied the semi-lightweight SCC characteristics using two types of coarse aggregates with different densities. Nine mixes were evaluated in terms of flowability, segregation resistance and filling capacity of fresh concrete. The mechanical properties of hardened LWSCC, such as compressive strength, splitting tensile strength, elastic modulus and density were assessed. Müller and Haist (2002) proposed three mix proportions for LWSCC and assessed their self-compacting properties. No significant difference in the mix proportion design was found compared with SCC except for the aggregate used.
Design procedures and statistical models for normal weight SCC have been developed in previous research studies (Khayat et al. 1998; Patel et al. 2004; Sonebi 2004a, b) . However, lack of research studies on LWSCC technology warrants investigations. Authors' research based on statistical design approach to identify primary mix design parameters and their effects on relevant properties of ESH lightweight SCC (ESH-LWSCC) is a timely initiative. The knowledge of influence of mixture variables on fresh state and hardened characteristics (which is the objectives of the current study) is essential for successful development of ESH-LWSCCs.
This paper presents the development and validation of statistical models for the design of ESH-LWSCC mixtures with desired fresh and hardened properties. The developed statistical models can be used as tools for practical production of ESH-LWSCCs. The recommendations of this research will be useful for engineers, designers and manufacturers involving in the development, production and use of ESH-LWSCCs.
Research Program
This research was conducted in three phases. The phase I focused on the experimental study of the fresh and hardened properties of mathematically derived ESH-LWSCC mixes. Twenty concrete mixtures were designed. Three key mix design parameters namely water (w) to binder (b) ratio (w/b) (0.30-0.40), dosage of high range water reducing admixtures (HRWRA) (0.3-1.2 % by total content of binder) and total binder content (B) (410-550 kg/m 3 ) were selected to derive mathematical models for the design of ESH-LWSCC mixtures. The tested ESH-LWSCC properties were, slump flow, V-funnel flow time, J-ring flow diameter/height difference, L-box ratio, filling capacity, segregation resistance, unit weight and compressive strength.
Phase II focused on the model development. Based on the test results, the influences of various parameters (w/b, HRWRA% and binder content) on ESH-LWSCC fresh and hardened properties were analyzed. The relative significance of these primary mixture design parameters and their coupled effects on relevant properties of ESH-LWSCCs were established. Afterward, statistical models were developed for prediction of these properties.
In phase III, the developed statistical models were used to derive optimized industrial class ESH-LWSCCs. ESH-LWSCC mixtures were mathematically optimized to satisfy three classes of EFNARC industrial classifications and their performance was experimentally validated through fresh and hardened properties. In addition, the relationship between theoretical and experimental results was further investigated, where validation of the statistical models were performed.
3. Phase-I Investigation 3.1 Materials ASTM Type I cement, Class F fly ash (FA) and silica fume (SF) were used. The physical and chemical properties of cement, FA and SF are presented in Table 1 . FA and SF were incorporated into the mixture at a fixed percentage by mass of total binder at 12.5 and 7.5 %, respectively. Nominal sizes of 4.75 and 12 mm lightweight expanded shale were used as fine and coarse aggregates, respectively. Expanded shale produced by TXI aggregate company, Colorado, USA, was used. In manufacturing process, natural shale is expanded in an oil fired rotary kiln maintained between 1,900 and 1,200°C. At this temperature, the shale is in a semi-plastic state at which entrapped gases are formed and expansion results creating individual non-connecting air cells. After discharged from the kiln, it is cooled and stored. Table 1 presents the chemical properties of  expanded shale aggregates, and Table 2 presents their grading and physical properties. Mineralogical composition of silica fume consists of an amorphous silica structure with very little crystalline particles. No undesirable trace elements were recorded in the manufacturer's material analysis sheet for all the materials.
The proposed ESH-LWSCC mixtures contained no viscosity-modifying admixture (VMA). The use of VMA is associated with reduction in paste volume which is believed to be detrimental to the LWSCC mixture stability, passing ability, filling ability and segregation resistance. Further, many successful LWSCC mixtures were developed without the use of VMA (Lachemi et al. 2009; Kim et al. 2010; Karahan et al. 2012) . The silica fume is used to enhance the fresh properties as it helps to improve the cohesiveness and homogeneity of the LWSCCs; holding the lightweight coarse aggregates in place, and preventing them from floating. Further, fly ash and silica fume also enhance the durability characteristics of the mixture. A polycarboxylate ether type HRWRA with a specific gravity of 1.05 and total solid content of 26 % was used as superplasticizer (SP).
Mix Design Methodology and Mixture Proportions (Phase I)
Twenty concrete mixtures were designed using the BoxWilson central composite design (CCD) method (Schmidt and Launsby 1994) . Three input factors were used in the test program: X 1 (water to binder ratio: w/b), X 2 (percentage of HRWRA as a percentage of mass of total binder content), and X 3 (total binder content: B). The ranges of the input factors were set at 0.30-0.40 for X 1 , 0.3-1.2 % for X 2 , and 410-550 kg/m 3 for X 3 . Table 3 presents the coded value and limits of each factor.
The CCD method consists of three portions: the fraction factorial portion, the center portion, and the axial portion (Table 3 ). The mix design and statistical evaluation of the test results were performed at a 0.05 level of significance. Table 4 presents the mixture proportions for ESH-LWSCCs developed by the software.
Casting of Test Specimens
All concrete mixtures were prepared in 35 batches in a drum rotating mixer. Due to the high water absorption capacity, the expanded shale lightweight aggregates were pre-soaked for a minimum of 72 h. The saturated surface dry expanded shale aggregates were mixed for 5 min with 75 % of the mixing water then added to the cementitious materials and mixed for an additional minute. Finally, the remaining water and HRWRA were added to the mixture, and mixed for another 15 min. Just after mixing, the slump flow, L-box, V-funnel, J-ring flow, filling capacity, sieve segregation, and unit weight tests were conducted. Ten 100 9 200 mm cylinders from each batch were cast for compressive strength determination. All ESH-LWSCC specimens were cast without any compaction or mechanical vibration. After casting, all the specimens were covered with plastic sheets and water-saturated burlap and left at room temperature for 24 h. They were then demolded and transferred to the moist curing room, and maintained at 23 ± 2°C and 100 % relative humidity until testing. The cylinders for the oven dry unit weight test were stored in lime-saturated water for 28 days prior to transfer to the oven at 100°C. The cylinders for the air dry unit weight test were stored in room temperature for 28 days.
Testing Procedures
All fresh tests were conducted as per EFNARC SelfCompacting Concrete Committee test procedures (EFN-ARC 2005) . The slump flow test was conducted to assess the workability of concrete without obstructions to determine flow diameter. The deformability of ESH-LWSCC was measured using the V-funnel test, where flow time under gravity was determined. The filling capacity, J-ring and L-box tests determined the passing ability of concrete. The sieve segregation resistance (SSR) test was conducted according to EFNARC test procedures: 5 kg of fresh concrete was poured over 5 mm mesh, and the mass of the mortar passing through the sieve was recorded. The fresh unit weight was tested according to per ASTM C 138 (2010) and both air dry and oven dry densities were determined according to ASTM C 567 (2011) . The compressive strength of ESH-LWSCC mixtures was determined by using 100 9 200 mm cylinders, as per ASTM C 39 (2011).
3.5 Phase I: Test Results, Analysis and Discussion 3.
Fresh and Hardened Properties of ESH-LWSCC Mixtures
The fresh and hardened properties of ESH-LWSCC mixtures are summarized in Table 5 . Ranges of the test values for ESH-LWSCC mixtures were between 365 and 850 mm for slump flow, 1.2 and 24 s for V-funnel flow time, 360 and 850 mm for J-ring flow, 0 and 14 mm for J-ring height difference, 0.28 and 1 for L-box ratio, 29 and 100 % for filling capacity and 4 and 38 %, for SSR. The compressive strength ranged from 20 to 40 and 28 to 53 MPa at 7 and 28 days, respectively. The fresh unit weight ranged from 1,742 to 1,892 kg/m 3 and the 28-day air dry density values were less than 1,840 kg/m 3 which classified all ESH-LWSCC mixtures as lightweight concrete. It is understood that the long-term strength of LWSCC mixes is very important since FA is used. This will be subject matter of future research studies in association with long-term durability properties of LWSCC mixes.
In order to qualify as SCC, the mixes should satisfy EFNARC industrial classifications, with 550-850 mm (Nagataki and Fujiwara 1995) , less than 8 s of V-funnel time, 80-100 % of filling capacity, greater than 0.8 of L-box ratio (Sonebi et al. 2000) , and less than 20 % of segregation resistance (EFNARC 2005 Using basic knowledge of concrete technology, it is expected that fresh and hardened properties of LWSCC mixtures will be influenced by the same parameters and in same way as normal weight SCC mixtures, with exception to the V-funnel time. Theoretically speaking, when reducing the unit weight to less than 1,840 kg/m 3 , it might be expected that the velocity of flow can be affected; leading to lower V-funnel time values than the ones reported for normal weight SCC.
The filling capacity test is more relevant for assessing the deformability of SCC among closely spaced obstacles. A filling capacity between 50 and 95 % indicates moderate to excellent flowability among closely spaced obstacles . For a desirable SCC mixture performance, different range of V-funnel time is suggested by researchers: between 3 and 7 s, between 2.2 and 5.4 s and between 2.1 and 4.2 s Bouzoubaa and Lachemi, 2001; Ghezal and Khayat 2002) .
It is reported that the SCC with L-box ratio greater than 0.8 exhibited good performance without blocking, hence 0.8 is considered as the lower critical limit for a mix to be SCC ratio (Sonebi et al. 2000) . According to several studies, the L-box and the filling capacity test results should be simultaneously considered to evaluate the concrete passing ability through heavily reinforced sections without the need of vibration. One of the most important requirements for any SCC is that the aggregates should not be segregated from the paste and the mix should remain homogeneous during the production and placement. It is also equally important that the particles move with the matrix as a cohesive fluid during the flow of SCC. A stable SCC should exhibit a segregation index less than 10 % (Khayat et al. 1998 ). However it is expected that the allowable segregation index for LWSCC should be higher than normal weight SCC. Therefore, the limits for fresh state properties of LWSCC mixtures should be changed. For LWSCC mixtures, the criteria can be as follows: slump flow diameter (550-850 mm), V-funnel time (0-25 s), L-box ratio (C0.80), sieve segregation resistance (0-20 %), 28-day air dry unit weight (\1,840 kg/m 3 ) and 28-day compressive strength ([17.2 MPa) .
From the results of the present study (Table 5) , mixes 3-8 and 10-13 exhibited low flowability, poor workability and passing ability as the slump flow diameter, V-funnel time and L-box ratio were below the acceptable EFNARC performance criteria for SCC (EFNARC 2005) . On the other hand, mixes 2, 4, 9, 11 and 14 are considered segregated mixes due to high segregation index beyond the prescribe limits. Mixes 1, 6, 15, 16, 17, 18, 19 and 20 met all SCC fresh performance with no sign of segregation (Table 5 ). Out of 20 tested mixtures, only 8 mixtures satisfied the outlined criteria for structural LWSCC. This demonstrates the significant challenges associated with the development of LWSCC mixtures.
Phase II: Influence of Mix Design Parameters and Development of Statistical Models
The fresh and hardened properties of twenty ESH-LWSCC mixtures obtained in Phase I were used to analyze the influence of mix design parameters and development of statistical models.
Influence of Mix Design Parameters on Fresh and Hardened Properties
4.1.1 Influence on the Slump Flow Figure 1 presents contour diagrams of the slump flow diameter changes of ESH-LWSCC mixtures depending on the water to binder ratio and total binder content. According to Fig. 1 , an increase in the w/b from 0.3 to 0.4 significantly increased the slump flow. However, at fixed HRWRA% the slump flow range got limited with the increase of binder content. For example, when the HRWRA% was fixed at 0.75 % and the binder content was increased to 550 kg/m 3 , the maximum predicted slump flow was limited to 700 mm. This was due to the increased demand of HRWRA in order to maintain same slump flow diameter with higher binder content.
The combined effects of w/b and HRWRA have significant influence on the slump flow diameter as shown in Fig. 2. An increase in the HRWRA from 0.3 to 1.2 % (by total content of binder) and w/b from 0.3 to 0.4 significantly increased the slump flow when high binder content (480 kg/ m 3 ) was used. Great positive effect of the coupled parameters (w/b and HRWRA) in increasing the slump flow was observed with the ESH-LWSCC mixtures. For example, when both parameters (w/b and HRWRA) were maximized at 1.2 % and 0.40, the maximum predicted slump flow for ESH mixtures was 850 mm. This can be attributed to the aggregate shape/gradation and packing density because a lower amount of fluidity is needed to achieve high workability for high-packing density mixture, as in the case of ESH aggregates. According to Assaad and Khayat (2006) , the w/b is closely related to flowability of concrete and an increase in w/b improves the flowability of the concrete. Sonebi et al. (2007) state that the SCC fresh properties are significantly influenced by the dosage of water and HRWRA. It is expected that LWSCC mixtures will exhibit similar behaviour compared with normal weight SCC mixtures under the influence of HRWRA.
Influence on the V-funnel Flow Time
An increase of the w/b from 0.3 to 0.4 significantly reduced the V-funnel flow time whereas an increase of HRWRA from 0.3 to 1.2 % only slightly reduced the V-funnel flow time. However, combined maximum increase of both w/b and HRWRA parameters resulted in a substantial reduction of the V-funnel flow time (below 2 s) at given binder content. This observation is in agreement with the conclusion of previous SCC statistical workability study (Sonebi et al. 2007 ). The V-funnel flow time is indicative of the viscosity of the LWSCC mixture-the higher the flow times the more viscous and less workable is the mix. observed with the increase of binder content at a given HRWRA%. This can be attributed to low internal friction (higher excess paste volume) in the ESH mixes.
Influence on the L-Box Ratio
The L-box ratio showed a similar trend of variation as slump flow. An increase of w/b from 0.3 to 0.4 and HRWRA from 0.3 to 1.2 % significantly increased the L-box ratio when a high binder content of 480 kg/m 3 was used. Figure 5 presents the slump flow changes of ESH-LWSCC mixtures depending on the w/b and HRWRA. According to Hwang et al. (2006) , a combination of the slump flow and the L-box ratio can be used to assess filling capacity of SCC for quality control and design of SCC for placement in restricted sections or congested elements. Figure 6 presents contour diagrams of the L-box ratio of ESH-LWSCC mixtures depending on the w/b and total binder, respectively. It can be suggested that as the total binder content is increased, the L-box ratio is reduced for a given HRWRA%. Previous research demonstrated the relationship between w/b, HRWRA, volume of coarse aggregate and L-box ratio for normal weight SCC mixtures where all three parameters are found to significantly influence the L-box ratio (Sonebi et al. 2007 ). Figure 7 shows that the increase of the binder content appeared to be very effective in increasing the segregation resistance. The increase in binder content enhanced the packing density of mixtures and resulted in a reduction in segregation. This is also attributed to the increased cohesiveness and viscosity of the concrete mixture at high binder content. Similar conclusions were drawn in previous normal weight SCC statistical studies (Patel et al. 2004; Khayat et al. 2000) . Figure 8 illustrates the trade-off between variation of the w/b and HRWRA on the segregation resistance of ESH-LWSCC mixtures at a given binder content (480 kg/m 3 ). These contours show that increasing one or both parameters w/b and HRWRA (from 0.3 to 0.4 and from 0.3 to 1.2 %, respectively), would significantly reduce the segregation resistance of ESH-LWSCC mixtures.
Influence on the Segregation Resistance

Influence on Other Properties
For all mixes, the filling capacity and J-ring flow/J-ring height difference were positively influenced by w/b and HRWRA. An increase of either or both parameters led to an increase in the measured responses/properties. However, an increase in the binder content alone affects the results negatively-showing a decrease in the measured responses.
The aggregate density played a major role in affecting the fresh unit weight of the mixes. As for the influence of the examined parameters on the response, the fresh unit weight was influenced mainly by the binder content-as the binder content increased the fresh unit weight increased and vice versa. Only the total binder content affected the results of the 28-day air and oven dry unit weights of ESH mixtures. An increase in the total binder content increased both unit weights. This behavior might be attributed to the high absorption rate of aggregates (above 13 %) that slowed the evaporation rate of water from the mixture. The HRWRA% did not have an effect on the results.
For all developed mixes, 7-day compressive strengths were affected by all three parameters (w/b, HRWRA and total binder content). As the binder increased, the 7-day strength increased. In contrast, as the either or both HRWRA (%) and w/b increased the 7-day strength decreased. Nevertheless, it was expected that HRWRA% should not have any influence on the 7-day strength. This is because HRWRA% effect is typically weakened away after 24-48 h. On the other hand, the 28-day compressive strengths were mainly affected by w/b and total binder content. An increase in w/b decreased the 28-day strengths, while an increase in total binder content increased the compressive strength which is agreement with basic knowledge of concrete technology regardless of the concrete type.
Statistical Evaluation of Test Results
A model analysis of the response was carried out to determine the effectiveness of test parameters in controlling the ESH-LWSCC properties. Using GLM-ANOVA, the measured fresh and hardened properties of ESH-LWSCCs such as slump flow, V-funnel flow time, etc., were given as the dependent variables while the experimental test parameters (''w/b'', ''HRWRA%'', and ''B'') were selected as the independent factors/variables. The general linear model analysis of variance was performed and the effective test parameters and their percent contributions on the above mentioned properties of ESH-LWSCCs were determined. Table 6 summarized all the relevant data from statistical evaluation. The p value in Table 6 shows the significance of the given test parameters on the test results. If a system has a p value (Probabilities) of B0.05 it is accepted as a significant factor on the test result, as evidence indicates that the parameter is not zero; that is, the contribution of the proposed parameter has a highly significant influence on the measured response (Patel et al. 2004; Sonebi 2004a, b) . The contributions of the each parameters on the measured test results are presented in Table 6 , where the effectiveness of the independent parameters on the measured response is calculated. The higher the contribution, the higher the effectiveness of the parameter on the response, equally, the lower the contributions the lower effect on the response. Analysis of the statistical parameters of the derived model, along with the relative significance, and the contribution % of each parameter on the results are given in Table 6 . The R 2 values of the ESH-LWSCC response models for the slump flow, V-funnel flow, J-Ring flow, J-Ring height difference, L-box, filling capacity, sieve segregation resistance, 7-day compressive strength, 28-day compressive strength, fresh unit weight, 28-day air dry unit weight, and 28-day oven dry unit weight were found to be 0.96, 0.97, 0.96, 0.94, 0.94, 0.95, 0.90, 0.88, 0.93, 0.73, 0.56, and 0.75, respectively. Statistically significant models for ESH-LWSCCs with a high correlation coefficient R 2 [ 0.90 were established for the slump flow, V-funnel, J-ring, J-ring height difference, L-box, filling capacity, sieve segregation resistance and 28-day compressive strength. A relatively lower R 2 values of 0.88, 0.73 and 0.75 were obtained for the 7-day compressive strength fresh and 28-day oven dry unit weights, respectively. Low R 2 of 0.56 was obtained for 28-day air dry unit weight (Table 6) .
As for the significance of the parameters on the responses, for example for the slump flow; the order of influence of the test variables is: the dosage of HRWRA, w/b, and the binder content. The dosage of HRWRA had the greatest effect on the slump flow. The effect of binder content was insignificant to the response. This can be attributed to the fact that flowability is driven by HRWRA dose and w/b rather than the binder content. In fact, to secure the same slump flow with more binder content, an increase of both HRWRA and w/b is necessary.
As for the V-funnel time, the order of influence of the test variables on the response is: w/b, the dosage of HRWRA and then binder content. Whereas the dosage of HRWRA, w/b, and the binder content in this order of influence, are contributing to the responses of J-ring flow, J-ring height different, L-box and filling capacity. The sieve segregation resistance response is greatly influenced by the total binder content, followed by w/b and then the dosage of HRWRA. The contribution % of each parameter on the rest of the results is given in Table 6 .
The high correlation coefficient of responses demonstrates excellent correlation, where it can be considered that at least 95 % of the measured values can be accounted for with the proposed models (Patel et al. 2004; Sonebi 2004a, b) .
Mathematical Formulation of ESH-LWSCC Properties
The mathematical relationship between the independent variables and the responses can be estimated using the model. Linear or quadratic relationships are simplified by using a backward stepwise technique. Evaluating the contribution of each parameter and its significant influence on the response is a key tool used in accepting certain contribution (Whitcomb and Anderson 2004; Pradeep 2008) . When determining the model for each response, a regression analysis is performed on the basis of a partial model containing only the terms which are statistically significant at a 0.05 level of significance. Then, t-statistics are calculated and the terms that are statistically insignificant are eliminated. This process is repeated until the partial model contains only the significant terms. The experimental data are fed to a mathematical model through multiple linear regression analysis which consisted of the terms which are statistically significant at a 0.05 level. R 2 statistic, which gives a correlation between the experimental data and the predicted response, should be high enough for a particular model to be significant (Muthukumar and Mohan 2004) .
The derived equations of the modelled responses are summarized in Table 7 for ESH-LWSCC mixtures. In this Table, 
Repeatability of the Test Parameters
The repeatability of test parameters at central points is given in Table 8 . ESH-LWSCC mixtures 15-20 (center point mixes) are found to satisfy LWSCC performance criteria. This table shows the mean results, standard deviation and coefficient of variance (COV), as well as the standard errors and the relative errors, with 95 % confidence limit of measured response of the six repeated mixes. The relative errors at the 95 % confidence limit for slump flow, V-funnel flow time, J-ring flow, L-box, filling capacity, sieve segregation resistance test, fresh unit weight, 28-day air dry unit weight, 28-day oven dry unit weight, and 7-and 28-day compressive strength in ESH-LWSCC model are found to be limited to 0.6-9.7 %. On the other hand, the relative error for J-ring height difference is found 35.7 %. The relative error was defined as the value of the error with 95 % confidence limit divided by the mean value.
Phase III: Optimization-Validation of the Statistical Models and Development of Industrial ESH-LWSCC
This phase included the validation of the statistical model and mix proportion optimization process. The optimization was performed to develop mixtures that satisfy EFNARC industrial classifications for SCC (EFNARC 2005) . Moreover, this phase also presents the results of additional experimental study to validate whether the theoretically proposed optimum mix design parameters such as w/b, HRWRA%, and total binder (B) can yield the desired fresh and hardened properties for ESH-LWSCCs.
Verification of Statistical Models
The accuracy of the proposed model was determined by comparing predicted-to-measured values obtained with mixes prepared at the centre of the experimental domain and five other random mixes. Mixes 1-5 were randomly selected to cover a wide range of mixture proportioning within the modelled region, while mixes 6-10 were the centre points of the models. Mixture proportioning and measured responses of these ESH-LWSCC mixtures are presented in Tables 9  and 10 , respectively. Figs. 9 and 10 where the dashed lines present the upper and lower estimated error at 95 % confidence limit. Points found above the 1:1 diagonal line indicates that the statistical model overestimates the measured response.
Comparisons between predicted and measured values for various ESH-LWSCC responses are illustrated in
On average, the predicated-to-measured ratios of slump flow, J-Ring flow, L-box ratio , V-funnel flow time, J-Ring height difference, filling capacity %, SSR index %, fresh unit weight, 28-day air-dry unit weight, 28-day oven dry unit weight, and 7-and 28-day compressive strengths were 1.02, 1.01, 1.0, 0.99, 0.98, 1.02, 1.02, 1.0, 1.0, 1.0, 1.02 and 1.02, respectively, indicating an accurate prediction of measured responses within the modelled region. The majority of the data for the measured responses lie close to the 1:1 diagonal line, resulting in the mean value of ratio between predicatedto-measured responses to be 1.00 ± 0.02. This indicates a high accuracy of the derived model to predicate the response.
On the other hand, the majority of the predicated slump flow, J-Ring flow, L-box ratio , V-funnel flow time, J-ring height difference, filling capacity, SSR index, fresh unit weight, 28-day air-dry unit weight, 28-day oven dry unit weight, and 7-and 28-day compressive strengths values (Figs. 9, 10) are within the acceptable limit of ±12.26, ±12.99 mm, ±0.01, ±0.23 s, ±0.54 mm, ±1.18, ±1.14 %, ±10.54, ±11.18, ±13.53 kg/m 3 , ±1.24 and ±1.75 MPa, respectively. These limits constitute experimental errors for responses determined from the repeatability tests. As can be seen from the validation investigation, the derived model offers adequate predication of workability, unit weight and compressive strength response within the experimental domain of the modelled mixture parameters. It is important to note that the absolute values of the predicated values are expected to change with the changes in raw material characteristics. However, the relative contributions of the various parameters are expected to be the same, thus facilitating the mix design protocol.
ESH-LWSCC Mixture Optimization
Based on the developed statistical model and the outlined relationships between mix design variables and the responses as shown in Table 9 , all independent variables are varied simultaneously and independently in order to optimize the response. The objective of the optimization process is to obtain the ''best fit'' for particular response, considering alternating multiple responses concurrently. In this study, optimization was performed to develop mixtures that satisfy EFNARC industrial classifications for SCC (EFNARC 2005) . The fresh properties of SCC as per EFNARC are presented in Table 11 .
The mix proportions (independent variables) were optimized to yield three ESH-LWSCC mixtures with the following fresh properties/classes:
(1) SF1 ? VF1 ? PA2 ? SR2 (Casting by a pump injection system e.g. tunnel linings): ESH-LWSCC1 (2) SF2 ? VF1 ? PA2 ? SR2 (Suitable for many normal applications e.g. walls, columns): ESH-LWSCC2 (3) SF3 ? VF1 ? PA2 ? SR1 (Suitable for vertical applications in very congested structures, structures with complex shapes, or for filling under formwork): ESH-LWSCC 3 VF1 limits were constrained tighter as 4-8 s for ESH-LWSCC 1 and 2 to ensure density stability during application and placement. A numerical optimization technique, using desirability functions (d j ) defined for each target response, was utilized to optimize the responses (Whitcomb and Anderson 2004; Pradeep 2008; Ozbay et al. 2011) . Desirability is an objective function that ranges from 0 to 1, where 0 indicates it is outside the range and 1 indicates the goal is fully achieved. The numerical optimization finds a point that maximizes the desirability function. The characteristics of a goal may be altered by adjusting the weight or importance (Ozbay et al. 2011) . In this research, target responses were assigned equal weight and importance. All target responses were combined into a desirability function and the numerical optimization software was used to maximize this function (Ozbay et al. 2011; Nehdi and Summer 2002) . The goals seeking begin at a random starting point and proceeds up the steepest slope to a maximum. To perform the optimization process, goals, upper and lower limits for the factors and responses were defined as in Table 12 .
In order to have an equal importance, five predefined responses (slump flow, J-ring flow, V-funnel, L-box and SSR index) in addition to the goal to minimize both J-ring height difference and fresh unit weight response were considered and optimized simultaneously. Furthermore, filling capacity, 28-day air dry unit weight, 28-day oven dry unit weight, and 7-and 28-day compressive strengths were defined as in the experimental study range.
After runing the numerical optimization process for ESH-LWSCC-1 mixture, 29 solutions were obtained, satisfying the set limits and constrains. The desirability of the proposed solutions ranged from 0.732 to 0.810. As for ESH-LWSCC-2 and 3 mixtures, 25 and 30 solutions were obtained, with desirability ranging from 0.798 to 0.864 and 0.800 to 0.908, respectively. The highest desirability functions value 0.810, 0.864 and 0.908 for achieving the set, goals and limits are given in Table 12 . The desirability function changed based values. However, desirability value decreased drastically to zero outside this limited area indicating that very specific parameter range is needed to achieve high desirability above 0.8 for ESH-LWSCC mixtures. High desirability only can be achieved for ESH-LWSCC mixes of class 3 when the w/b is kept at 0.4 and for binder content above 500 kg/m 3 .
Verification Experiment for an Optimum Mix Design
Utilizing the established high statistical confidence of the developed models, an experimental study was used to validate whether the theoretically proposed optimum mix design parameters, w/b, HRWRA%, and total binder could yield the desired responses. The test was carried out with the same materials and under the same testing conditions. The results are presented in Table 13 . As it can be seen from the optimization/validation process, the model satisfactorily derived the three desired EFNARC-SCC industrial class mixtures. The optimized mixes satisfy the ranges for slump flow, V-funnel time, L-box ratio and segregation resistance percentage.
The derived statistical models can therefore be used as useful and reliable tools in understanding the effect of various mixture constituents and their interactions on the fresh properties of LWSCC. The analysis of the derived models enables the identification of major trends and predicts the most promising direction for future mixture optimization. This can reduce the cost, time, and effort associated with the selection of trial batches.
Conclusions
The properties of lightweight self-consolidating concrete (LWSCC), developed with expanded shale (ESH) lightweight aggregates (ESH-LWSCC) were investigated. This research included comprehensive laboratory investigations leading to the development of statistical design model for ESH-LWSCC mixtures accompanied by fresh and hardened performance evaluation of the developed ESH-LWSCC mixtures having varying water to binder ratio (w/b), high range water reducing admixture (HRWRA%) and total binder content (B). This research involved statistical modelling, mix design development, performance evaluation of ESHLWSCCs, development/validation of statistical models and development of industrial class ESH-LWSCCs. The following conclusions were derived from the results of the comprehensive series of investigations:
1. The w/b has significant influence on the overall performance of ESH-LWSCCs, including fresh and hardened properties. In terms of fresh properties, the w/b has high influence on workability and HRWRA demand. The passing ability and filling capacity increase with the increases of w/b. The segregation resistance decreases with increase in w/b. ESHLWSCCs with low w/b (0.35) required high dosage of HRWRA for flowability. It is noted that ESH-LWSCC mixtures proportioned with w/b of less than 0.33 (regardless of HRWRA% or the total binder content), produced unsatisfactory fresh properties, and disqualified to be a LWSCC. On the other hand a balanced LWSCC mixture with w/b of around 0.35 made with ESH lightweight aggregates exhibited satisfactory workability, passing ability, filling capacity and segregation resistance. 2. Similar to normal weight SCC, the w/b has significant influence on the compressive strength of ESH-LWSCC mixtures-mixes with w/b of 0.35 developed higher compressive strength than those with w/b of 0.40. 3. In terms of fresh properties, the total binder content had influence on workability and static stability (segregation resistance) of ESH-LWSCCs. For a given w/b, the HRWRA demand decreased with the increase of total binder content. On the other hand, segregation resistance increased with the increase of total binder content. In contrast, at fixed HRWRA% and w/b, the workability/passing ability/filling capacity decreased and segregation resistance increased with the increase of total binder content. 4. The HRWRA% had significant influence on the workability and static stability of ESH-LWSCC mixtures. For a given w/b and total binder content, the workability/ passing ability/filling capacity increased significantly and segregation resistance decreased with the increase of HRWRA%. 5. The established relation between the slump flow and the segregation index confirmed the commonly held notion that ESH-LWSCCs with less than 500 mm slump flow should not exhibit segregation. The chances of ESH-LWSCC segregation are very high beyond a slump flow of 750 mm as the segregation index tends to be more than 20 %. It is always desirable to keep the slump flow between 550 and 750 mm for a stable and homogenous ESH-LWSCC mixture. 6. Generally, use of fine and coarse ESH lightweight aggregates in mix proportioning yielded concretes with a 28-day air dry unit weight of less than 1,840 kg/m 3 , classifying them as LWSCC. 7. From ANOVA statistical analysis, it was found that both w/b and (%) of HRWRA had significant impact on the fresh properties of LWSCC mixtures. The total binder content had insignificant impact on the workability, passing ability and filling capacity of ESH-LWSCC mixtures with high aggregate packing density. The effect of the total binder content on the segregation resistance and compressive strength of all ESH-LWSCC mixtures was classified as statistically significant. 8. The established model using the fractional factorial design approach are valid for ESH-LWSCC mixtures with w/b ranging between 0.30 and 0.40, total binder content between 410 and 550 kg/m 3 and HRWRA dosages between 0.3 and 1.2 % by mass of total binder content.
9. It was possible to produce robust ESH-LWSCC mixtures that satisfy the EFNARC criteria for SCC. Three industrial classes of ESH-LWSCC mixtures with wide range of workability performance were successfully developed. These mixtures can cover various ranges of applications, such as tunnel linings, walls, columns, vertical applications in very congested structures, and structures with complex shapes. 10. The statistical analysis and validation results of the derived statistical models indicate that this model can be used to design ESH-LWSCCs and to facilitate the protocol for optimization of ESH-LWSCCs. The theoretical optimum mix proportions can be used to derive desirable fresh properties and compressive strength of ESH-LWSCCs. The developed models and guidelines will ensure a speedy mix design process and reduce the number of trials needed to achieve LWSCC mix specifications.
